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The recent development of opto-mechano-fluidic resonators has provided – by harnessing photon
radiation pressure – a new microfluidics platform for the optical sensing of fluid density and bulk
modulus. Here we show that fluid viscosity can also be determined through optomechanical mea-
surement of the vibrational noise spectrum of the resonator mechanical modes. A linear relationship
between the spectral linewidth and root-viscosity is predicted and experimentally verified in the low
viscosity regime. Our result is a step towards multi-frequency measurement of viscoelasticity of
arbitrary fluids, without sample contamination, using highly sensitive optomechanics techniques.
PACS numbers: 42.60.Da, 42.81.Pa, 07.07.Df
The optical and mechanical modes of high-Q resonant
systems can be parametrically coupled through optical
radiation-pressure induced mechanical instabilities [1–
3]. Ultra-sensitive optomechanical sensors of acceleration
[4, 5], mass [6, 7], and forces [8, 9] have been demon-
strated based on this concept. While these previous op-
tomechanics demonstrations have focused on solid state
sensors, recent demonstrations of opto-mechano-fluidic
resonators (OMFRs) have enabled applications with liq-
uids [10, 11] and gases [12]. Confinement of a liquid inside
the resonator, as opposed to outside it, prevents acous-
tic energy from leaking out of the resonator [13]. It has
been shown that mechanical modes in OMFRs are able
to penetrate into the fluids, enabling sensing of the flu-
idic environment within [10, 11]. In addition, OMFR
operational frequencies extend from a few MHz to the
11 GHz regime, presenting an opportunity to study dy-
namics over broad timescales. Especially when the fre-
quency is high, the viscoelastic nature of the fluid be-
comes prominent [14]. OMFRs can thus provide a novel
path towards high-resolution analysis of the viscoelastic
properties of fluids and bioanalytes. In this work, we
demonstrate the first experimental system for optome-
chanically measuring the dynamic viscosity, µ, of various
test fluids using sample volumes in the nanoliter regime.
The fabrication of OMFRs (Fig. 1(a)) has been re-
ported in [10] and is based on previously established
techniques in optofluidics [16]. Briefly, fused-silica capil-
lary preforms are heated and softened by means of high-
power CO2 lasers and drawn linearly into microcapillar-
ies. Modulation of the laser power varies the capillary
diameter creating bottle-shaped OMFRs. In this work,
the device we use has a ∼ 170 µm diameter and ∼ 15 µm
wall thickness. One end of the device is left open while
the other end is connected to a syringe through which
analytes can be infused (Fig. 1(c)). The sensing volume
contained within (Fig. 1(a)) is about 20 nl, and can be
reduced by changing the fabrication parameters.
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FIG. 1. Experimental overview: (a) SEM of a fused-silica
opto-mechano-fluidic resonator (OMFR). The device has a
170 µm diameter and a 15 µm wall thickness at the widest
point. (b) Light of frequency ωp is coupled to ultra-high-Q
optical whispering gallery modes (WGMs) through a tapered
optical fiber. Modulation of the device geometry at mechani-
cal frequency Ω generates both upper and lower optical side-
bands of the pump light at ωp ± Ω [15]. (c) The temporal
interference of optical signals at the photodetector generates
an electronically measurable signal, allowing the mechanical
power spectrum to be measured using an electrical spectrum
analyzer. Test fluids can be pumped in and out of the res-
onator, changing the effective mass and stiffness as well as the
damping loss rate.
Continuous-wave 1550 nm laser light is coupled into
the optical whispering-gallery modes (Q-factor ∼ 107) of
the OMFR by evanescent coupling [17] through a tapered
optical fiber (Fig. 1(c)). The taper is not in contact with
the device, which prevents additional damping effects.
The radiation pressure of light is capable of actuating
eigenmechanical oscillations through the optomechanical
parametric instability [11] in this device (Fig. 2(a)). Me-
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FIG. 2. (a) Mechanical power spectrum using above-threshold, continuous-wave laser excitation power shows three mechanical
modes. (b) Multiphysical simulations of solid OMFR shell and coupled pressure waves in fluid for the 11 MHz (high order
wineglass mode), 13 MHz (breathing mode), and 17 MHz (high order wineglass mode) vibrational resonances.
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FIG. 3. (a) Theoretically, the vibrational noise spectrum contains information about both the mechanical damping rate and
the effective mass and stiffness of the hybrid system. The linewidth (-3 dB bandwidth) of the spectrum, Γ, is related to
damping; and the vibrational frequency, Ω, is related to the oscillator effective mass and stiffness. Example measurement of
the vibrational noise spectrum of ∼ 17 MHz mode with (b) N2 viscosity oil, and with (c) S20 viscosity oil. In both cases, there
are linewidth and center frequency changes.
chanical modulation of the device geometry generates
optical sidebands of the input light (Fig. 1(b)). Even
when the parametric actuation threshold power is not
reached, stochastic thermal fluctuations (Langevin noise
force) provide a detectable amount of quiescent energy to
the mechanical degrees of freedom. We can electronically
measure the noise spectrum of the mechanical mode by
observing the beating between input and scattered light
on a photodetector (Fig. 1(c)). In this work, Ω ≈ 11
MHz, 13 MHz, and 17 MHz vibrational modes are se-
lected (Fig. 2(a)). According to computational mod-
els, these modes are high-order wineglass modes and a
breathing mode, where both fluid and shell are coupled
into a hybrid eigenmode (Fig. 2(b)). For a continuously
driven system, the mechanical damping losses in these
hybrid shell-fluid modes can be obtained through optical
measurement of the linewidth of the Lorentzian shaped
mechanical noise spectrum as described in Fig. 3. In-
3TABLE I. Properties of the calibration viscosity oils
Sample Density (g/mL) Viscosity (cP)
N2 0.762 2.2
N4 0.787 5.2
S6 0.878 10
N10 0.884 21
S20 0.863 37
N26 0.820 47
N35 0.868 75
formation on both the mechanical damping rate and the
effective mass and stiffness of the hybrid system are em-
bodied in the vibrational noise spectrum. By measuring
the linewidth of the spectrum, Γ, we can quantify the
mechanical damping rate of the system; by measuring
the center frequency of the spectrum, Ω, we can quantify
the oscillator effective mass and stiffness.
Optomechanical self oscillation [11, 18], however, nar-
rows the vibrational linewidth due to amplification,
which affects the ability to measure intrinsic oscillator
damping. Here we make sure to employ subthreshold
input optical power to avoid amplifying the mechanical
motion to the self oscillation point. This preserves the in-
trinsic damping and natural linewidth of the vibrational
spectrum, allowing us to quantify intrinsic loss rates. To
calibrate the optomechanical viscometers, we use seven
viscosity standard oils (Cannon Instrument Company –
Table I). For each of the three vibrational modes in Fig.
2(a), we plot in Fig. 4(a) the density normalized exper-
imentally measured mechanical mode linewidth Γ/
√
ρ,
against the square root of the viscosity,
√
µ.
The results in Fig. 4(a) can be understood by con-
sidering the nature of viscous damping in OMFR. The
geometry of the resonator is a shell, which locally re-
sembles the thin plate case discussed in [14]. Because of
liquid entrainment within the resonator, viscous damp-
ing, associated with both shear and normal motion of the
fluid relative to the resonator wall, occurs near the solid-
fluid interface. For thin shells or plates, this damping is
dominated by the shear motion of the fluid relative to
the resonator wall. The attenuation rate due to viscous
damping is proportional to
√
ρµ at low values of viscosity
[14]. At high viscosity, attenuation saturates due to the
viscoelastic nature of the fluid. Using Maxwell’s model
of a viscoelastic fluid, a critical viscosity separating low
and high viscosity regimes can be defined by µc = τG∞
at which 2piΩτ = 1, where Ω is the mechanical vibra-
tional frequency, τ is the viscoelastic relaxation time in
the liquid, and G∞ is the high-frequency elastic rigidity
modulus. Assuming a typical G∞ value of 1 GPa [14],
the µc for a 10 MHz device is 1.6×104 cP, indicating that
our experiment is well within the linear regime. Since the
intrinsic losses of the mechanical modes without liquids
are very low (Qm ∼ 103-104 without fluids), the acoustic
energy loss primarily arises from viscous damping asso-
ciated with the fluid (Qm ∼ 101-103 with fluids). By
electronically measuring the vibrational noise spectrum
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FIG. 4. (a) Measured linewidth of selected mechancial modes
operating with viscosity standard oils shows that the damping
loss rate Γ increases linearly with square root of viscosity
√
µ.
Slope differences between different modes indicate different
modeshapes (Fig. 2(b)). Dashed lines are the linear fits. (b)
Measured frequency of selected mechanical modes operating
with viscosity standard oils. The three selected modes have
similar frequency trend. This increasing frequency trend is
likely caused by variation in density and the speed of sound
of the test fluids [11].
of the mechanical mode, the mechanical mode linewidth,
Γ, is obtained (Fig. 3(b),(c)). Since Γ is proportional to
loss rate, it is also proportional to
√
ρµ at low values of
viscosity. In order to isolate the effects of viscosity, we
normalize the linewidth against
√
ρ to obtain Fig. 4(a).
We note that the linewidth slopes of the 11 MHz and 17
MHz are similar to but lower than that of the 13 MHz
mode, potentially indicating difference in the mechanical
mode families.
In addition, the measured relationship between the line
center frequency Ω and
√
µ is plotted in Fig. 4(b). We see
that the frequencies of all three modes are not constant
but follow the same increasing trend. We believe that the
frequency shift is correlated with the density and speed
of sound change in the test fluids as has been established
previously [11].
4We now proceed to analyze how the sensitivity and
dynamic range are influenced by the OMFR shell thick-
ness. As discussed in [14], the attenuation rate is in-
versely proportional to the plate thickness due to the
fact that a thicker plate can transmit more wave energy
compared with the amount lost in viscous dissipation.
Thus, in the OMFR case, a thinner shell should be used
to increase the viscosity sensitivity. In contrast, a thicker
shell should be used to expand the viscosity measurement
dynamic range. However, as revealed by [19], thick shells
can prevent the acoustic excitation from interacting with
the liquid and a suitable balance must be sought. In con-
trast, we note that thin-shell resonators are also subject
to potentially undesirable pressure effects [12] generated
by pumped liquids.
Recent technological advances in optofluidics [20] have
enabled biochemical sensors that employ many different
optical techniques such as refractive index measurement
[21–23], fluorescence [24], and surface enhanced Raman
spectroscopy [25]. The recent introduction of optically-
interfaced acoustics into optofluidic devices [10, 11], in-
spired by lab-on-a-chip mechanical sensors [13], is provid-
ing researchers with a new mechanical degree of freedom
by which to perform such biochemical analyses. In this
work we have invoked these opto-mechano-fluidic tech-
niques to develop the first microfluidic optomechanical
sensor of liquid viscosity. Our result supplements es-
tablished passive [26, 27] and active [27, 28] microrhe-
ological techniques for the optical measurement of fluid
viscoelasticity, but does not contaminate the fluid with
dispersed particles. Another advantage of our all-silica
fiber-interfaced device is the operability in high tem-
perature, remote, and electromagnetically noisy environ-
ments, such as engines, oil wells, and reaction cham-
bers. Finally, the GHz-regime multifrequency capabil-
ity of OMFRs [10] can enable high-frequency probes for
mapping viscoelastic properties of fluids and boundary
layers. In the long-term, we envision high-throughput
viscoelastic measurements on flowing living cells, essen-
tially enabling a novel acoustic flow cytometry.
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